We attempted to isolate the constituent(s) responsible for the suppressive effect of the juice of shekwasha, a citrus produced in Okinawa Prefecture, on D -galactosamine (GalN)-induced liver injury in rats. Liver injury-suppressive activity, as assessed by plasma alanine aminotransferase and aspartate aminotransferase activities, was found only in the fraction that was extracted with n -hexane when three fractions were added to the diet and fed to rats. Of five compounds isolated from the n -hexane-soluble fraction by silica gel column chromatography, three compounds had liver injury-suppressive effects when five compounds were singly force-fed to rats at a level of 300 mg/kg body wt 4 h before the injection with GalN. The structures of the three active compounds were determined as 3 ′ ,4 ′ ,5,6,7,8-hexamethoxyflavanone (citromitin), 4 ′ ,5,6,7,8-pentamethoxyflavone (tangeretin) and 3 ′ ,4 ′ ,5,6,7,8-hexamethoxyflavone (nobiletin), which are known flavonoids mainly existing in citrus. Nobiletin, the most important compound in the n -hexane-soluble fraction, also had suppressive effects on liver injuries induced by carbon tetrachloride, acetaminophen and GalN/lipopolysaccharide (LPS) in addition to liver injury induced GalN. Nobiletin suppressed GalN/LPS-induced increases in plasma tumor necrosis factor (TNF)-␣ and nitric oxide (NO) concentrations and hepatic mRNA levels for inducible NO synthase and DNA fragmentation. These results suggest that nobiletin suppressed GalN/LPS-induced liver injury at least by suppressing the production of both TNF-␣ and NO. The results obtained here indicate that the hepatoprotective effect of shekwasha juice is mainly ascribed to several polymethoxy flavonoids included in the juice. Key Words D -galactosamine, liver injury, shekwasha, Citrus depressa , flavonoids Fruits and vegetables are important as sources of several nutrients such as vitamins, minerals and dietary fibers. Fruits and vegetables also contain a variety of constituents, which are characteristic of the species of plant. It is widely recognized that relatively high intakes of fruits and vegetables are desirable for prevention of diseases and maintenance of healthy conditions ( 1 ). Previously we reported that several kinds of fruit had suppressive effects on D -galactosamine (GalN)-induced liver injury in rats when various kinds of lyophilized fruit were added to the diet ( 2 ). Furthermore, recently we found that some fruit juices, e.g., camu-camu and shekwasha, also had suppressive effects on GalNinduced liver injury in rats, and we identified the active compound (unpublished data). These findings indicate that certain fruits (and possibly vegetables) have a hepatoprotective effect in addition to nutritional effects.
Fruits and vegetables are important as sources of several nutrients such as vitamins, minerals and dietary fibers. Fruits and vegetables also contain a variety of constituents, which are characteristic of the species of plant. It is widely recognized that relatively high intakes of fruits and vegetables are desirable for prevention of diseases and maintenance of healthy conditions ( 1 ). Previously we reported that several kinds of fruit had suppressive effects on D -galactosamine (GalN)-induced liver injury in rats when various kinds of lyophilized fruit were added to the diet ( 2 ) . Furthermore, recently we found that some fruit juices, e.g., camu-camu and shekwasha, also had suppressive effects on GalNinduced liver injury in rats, and we identified the active compound (unpublished data). These findings indicate that certain fruits (and possibly vegetables) have a hepatoprotective effect in addition to nutritional effects.
Since the liver is the central organ of many types of metabolism, the hepatoprotective effect of foods is worthwhile to investigate in detail, not only from the viewpoint of food science but also from the viewpoint of nutrition.
In the present study, we attempted to isolate the constituent(s) responsible for the hepatoprotective effect of shekwasha, a citrus produced mainly in Okinawa Prefecture, since shekwasha had a relatively potent suppressive effect on GalN-induced liver injury in our earlier study. We also investigated the effects of nobiletin, a major active compound of shekwasha, on some other types of liver injury, i.e., liver injuries induced by carbon tetrachloride, acetaminophen (APAP) and GalN/ lipopolysaccharide (LPS).
MATERIALS AND METHODS
Materials. Shekwasha ( Citrus depressa ) juice concentrate was purchased from Taketombo Co. (Yokohama, Japan). D -Galactosamine hydrochloride and acet-aminophen were purchased from Sigma-Aldrich (St. Louis, MO, USA). Lipopolysaccharide from Escherichia coli 055, carbon tetrachloride and the other chemical reagents and solvents were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Silica gel for column chromatography (Kieselgel 60) and silica gel plates for thin-layer chromatography (Kieselgel F254) were purchased from Merck KGaA (Darmstadt, Germany). Casein was purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Mineral and vitamin mixtures (AIN-93) and cellulose powder were purchased from Oriental Yeast Co., Ltd. (Tokyo, Japan), and the other ingredients of the diet were from Wako.
General procedures.
1 H-nuclear magnetic resonance (NMR) spectra (one-dimensional) were recorded on a JEOL lambda-500 spectrometer at 500 MHz. The spectra of electrospray ionization mass spectrometry (ESI-MS) were measured on a JMS-T100LC mass spectrometer. Separations by high-performance liquid chromatography (HPLC) were performed with a JASCO Gulliver system using preparative columns (Develosil C30-UG-5, Nomura Chemistry, Seto, Japan; Senshu PAK AQ, Senshu Chemistry, Tokyo, Japan; Cosmosil HILIC WATERS, Nacalai Tesque).
Extraction and isolation of active compound from shekwasha. Shekwasha juice was successively extracted with n -hexane and ethyl acetate (EtOAc), giving three fractions (fractions I-III). Fraction I was applied on a silica gel open column (8 ϫ 57.5 cm) and eluted successively with n -hexane/EtOAc (10 : 0, 9 : 1, 8 : 2, 7 : 3, 6 : 4, 5 : 5 and 0 : 10, vol/vol) and methanol, giving five relatively major compounds (compounds 1-5). These compounds were purified by silica gel column chromatography with a smaller open column (3 ϫ 30 cm) and finally purified by preparative HPLC).
Animals and diets. In this study, five separate animal experiments were conducted to assess liver injury-suppressing effect. Six-week-old male rats of the Wistar strain (120-130 g) were purchased from Japan SLC, Inc. (Hamamatsu, Japan). The rats were individually housed in hanging stainless steel wire cages kept in a room at a controlled temperature (23-25˚C) and humidity (50-60%). Lights were maintained on a 12 h light-dark cycle (lights on from 7:00 to 19:00). The rats were acclimated to the facility for 4-5 d and given free access to water and the control diet. The composition of the control diet was as follows (%): casein, 25; cornstarch, 43.25; sucrose, 20; corn oil, 5; mineral mixture (AIN-93G), 3.5; vitamin mixture (AIN-93), 1; choline bitartrate, 0.25; and cellulose, 2. When supplements were added to the diet, cornstarch was reduced to make 100%. After adaptation to the control diet, rats were divided into groups and allowed free access to water and the control diet or experimental diets.
In experiment 1, rats were fed the control diet or diet supplemented with a powder of lyophilized shekwasha juice at a level of 10% for 7 d. In experiment 2, rats were fed the control diet or diets supplemented with each fraction (fractions I, II and III) derived from solvent extraction of shekwasha juice at levels comparable to the addition of lyophilized shekwasha juice at a 10% level (fraction I, 0.096%; fraction II, 0.435%; fraction III, 9.469%) for 7 d. The addition levels of fractions I, II and III were based on the fact that lyophilized shekwasha juice was composed of 0.96% fraction I, 4.35% fraction II and 94.69% fraction III. In experiment 3, rats were fed the control diet for 7 d and each compound was singly force-fed to rats at a level of 300 mg/ kg body wt 4 h before the injection of GalN. In experiment 4, rats were fed the control diet for 7 d and compound 4 (nobiletin) was singly force-fed at a graded levels (25, 50, 100 and 200 mg/kg body wt) 4 h before the injection of GalN. In experiment 5, rats were fed the control diet for 7 d and compound 4 (nobiletin) was singly force-fed 4 h before the treatment with carbon tetrachloride, APAP or GalN ϩ LPS to test whether compound 4 (nobiletin) had a suppressive effect on liver injury other than that by GalN. In experiments 3, 4 and 5, test compounds were suspended in 0.5% methylcellulose solution and force-fed to rats with a stomach tube. After 7 d of feeding the experimental diets (experiments 1 and 2) or after 4 h of the administration of test samples (experiments 3, 4 and 5), rats were intraperitoneally injected with GalN, which was neutralized with NaOH, at a dose of 350 mg/kg of body wt according to our previous study ( 2 ) between 10:00 and 11:00 (experiments 1 and 2) or 14:00 and 15:00 (experiments 3, 4 and 5). In experiment 5-A, rats were orally administered carbon tetrachloride, which was dissolved in olive oil, at a level of 1.5 mL/kg body wt between 14:00 and 15:00. In experiment 5-B, rats were intraperitoneally injected with APAP, which was dissolved in 0.5% methylcellulose solution, at a level of 800 mg/kg body wt. In experiment 5-C, rats were intraperitoneally injected with a mixture of GalN ϩ LPS at levels of 200 mg/kg and 10 g/kg for GalN and LPS, respectively. Normal rats were treated with saline or olive oil.
At 24 h after the treatment with GalN or other drugs except for experiment 5-C, rats were killed by decapitation to obtain blood and liver. In experiment 5-C, rats were killed at 8 h after the treatment with GalN/LPS to assess the magnitude of liver injury and at 1 h after the treatment with the drugs to measure plasma tumor necrosis factor (TNF)-␣ concentration. The latter dissection time (1 h) was determined by our previous result that plasma TNF-␣ concentration increased maximally at around 1 h after treatment with GalN/LPS ( 3 ). Rats were not starved either before or after the treatment with drugs. This study was approved by the Animal Use Committee of Shizuoka University, and the animals were maintained in accordance with guidelines for the care and use of laboratory animals, Shizuoka University.
Biochemical analysis. To assess the magnitude of liver injury, the activities of plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were measured with a kit (Transaminase C II-Test; Wako). In experiment 5-C, some variables concerning liver injury were also measured. Plasma TNF-␣ concentration at 1 h after the treatment with GalN/LPS was measured with TNF-␣ ELISA Kit (Cosmo Bio, Tokyo, Japan). Plasma NO concentration at 8 h after the treatment with drugs was measured with NO 2 /NO 3 Assay Kit (Dojin Laboratories, Kumamoto, Japan). Hepatic DNA fragmentation was detected by agarose gel electrophoresis and quantified with DNA ELISA Kit (Boehringer Mannheim, Mannheim, Germany) as described previously ( 3 ). The amount of mRNA for inducible nitric oxide synthase (iNOS) relative to the amount of mRNA for ␤ -actin in the liver was measured by quantitative real-time PCR analysis as described previously ( 4 ) , where the validated probe and primer for iNOS (assay identification number: Rn00561646_m1) were pre-designated TaqMan Gene Expression Assay products (Applied Biosystems, Foster City, CA).
Statistical analysis. Results were expressed as mean Ϯ standard error of mean (SE). Data were analyzed by a one-way analysis of variance. The difference between mean values was tested by the Tukey test when the F value was significant. A p value of 0.05 or less was considered significant. The statistical analysis was performed using Mac Toukei-Kaiseki ver 1.5 software (Esumi, Tokyo, Japan).
RESULTS

Effects of dietary addition of shekwasha juice on D -galactosamine-induced liver injury (experiment 1)
Dietary addition of lyophilized shekwasha juice at a level of 10% did not affect the body weight gain of rats during the 7-d experimental period, whereas it slightly increased food intake ( Table 1 ). The relative liver weight did not differ among the groups. The plasma ALT and AST activities were significantly increased by GalN injection and these increases were significantly suppressed by dietary addition of shekwasha.
Fractionation and isolation of active compounds from shekwasha (experiments 2, 3 and 4)
Shekwasha juice was extracted with n -hexane, and the residue was further extracted with EtOAc, giving three fractions (fractions I, II and III) (Fig. 1) . The yield of fraction I or II was far smaller than that of fraction III. GalN-induced increases in plasma ALT and AST activities were significantly suppressed by dietary addition of fraction I, but not by fraction II or III (Fig. 2 ). Since fraction I had a significantly suppressive effect, fraction I was separated by silica gel column chromatography, giving five relatively major compounds (compounds 1-5). The yields of these compounds were 0.137% (compound 1), 0.089% (compound 2), 0.112% (compound 3), 0.238% (compound 4) and 0.073% (compound 5) of lyophilized shekwasha juice. To assess the liver injury-suppressing effect, these compounds were singly force-fed to rats 4 h before the treatment with GalN at a level of 300 mg/kg body wt, since the amounts of these compounds obtained were limited. GalN-induced increases in plasma ALT and AST activities were significantly suppressed by compounds 2, 3 and 4, but not by compound 1 or 5 (Fig. 3) . It should be noted that three rats of the total seven rats fed compound 4 died within 24 h after the treatment with GalN. The structures of the five compounds were analyzed by ESI-MS and NMR. Compound 2: ESI-MS (positive); m/z 427 (M ϩ Na). Hz, H-6′). These data showed that active compound 2 was a known 3′,4′,5,6,7,8-hexamethoxyflavanone (citromitin) (5, 6) , and compounds 3 and 4 were known 4′,5,6,7,8-pentamethoxyflavone (tangeretin) (7, 8) and 3′,4′,5,6,7,8-hexamethoxyflavone (nobiletin) (8, 9), respectively (Fig. 4) . A single force-feeding of nobiletin at levels of 25, 50, 100 and 200 mg/kg body wt dose-dependently suppressed GalNinduced increases in plasma ALT and AST activities, although the effect of the compound was not significant at doses up to 50 mg/kg (Fig. 5) . The dose levels of IC50 were estimated to be 72 mg/kg for ALT activity and 75 mg/kg for AST activity.
Effects of nobiletin on different types of liver injury (experiment 5)
The effects of nobiletin, the most abundant substance and the one tending to have the strongest effect, on liver injury induced by carbon tetrachloride, APAP or GalN/ LPS were investigated. The increases in plasma ALT and AST activities caused by these drugs were significantly suppressed when nobiletin was singly force-fed 4 h before the treatment with drugs at a level of 100 mg/kg body wt (Table 2 ). In experiment 5-C, several other variables were measured to analyze the mechanism(s) by which nobiletin suppressed GalN/LPS-induced liver injury. The increase in plasma TNF-␣ at 1 h after treatment with GalN/LPS was significantly suppressed by nobiletin (Fig. 6A) . The increases in plasma NO concentration and the amount of mRNA for iNOS in the liver at 8 h after treatment with the drugs were also significantly suppressed by nobiletin (Fig. 6B and C) . DNA ladder and DNA fragmentation were measured as markers of apoptosis of liver cells following GalN/LPS-induced liver injury. Treatment with GalN/LPS caused a representative ladder pattern of liver oligonucleosomal DNA on agarose gel electrophoresis in control rats, and this DNA ladder was suppressed in rats force-fed with nobiletin (Fig. 6D) . Quantitative determination of DNA fragmentation also showed that nobiletin suppressed GalN/ LPS-induced DNA fragmentation in the liver (Fig. 6E) .
DISCUSSION
The present study confirmed the result of our previous study that shekwasha juice had a suppressive effect on GalN-induced liver injury in rats. Based on this confirmation, we attempted to isolate the active compound(s) from the shekwasha juice. The results clearly showed that polymethoxy flavonoids such as citromitin (polymethoxy flavanone), tangeretin (polymethoxy flavone) and nobiletin (polymethoxy flavone) participated in the suppressive effect of shekwasha on GalN-induced liver injury, although the magnitude of the effects of these compounds varied. Early studies have shown that citromitin exists in some species of citrus (5, 6), but to our knowledge little biological effect of the compound has been demonstrated. On the other hand, there are a number of reports concerning a variety of biological effects of tangeretin and nobiletin, especially nobiletin, in addition to the concentrations of polymethoxy flavones in various species of citrus (10, 11) . For instances, direct and indirect evidences have been provided for anti-cancer effects (12) (13) (14) (15) (16) (17) (18) (19) (20) , anti-inflammatory effects (21) (22) (23) (24) , inhibition of NO production (25, 26) , enhancement of differentiation and lipolysis of adipocytes (27) , prevention of cartilage destruction (28), improvement of memory impairment (29) and neurodegradation (30) . However, no liver injury-suppressive effect of tangeretin and nobiletin has been reported yet. So, we report here for the first time that polymethoxy flavonoids (citromitin, tangeretin and nobiletin) have hepatoprotective effects.
Various types of drugs have been used to induce experimental liver injury. GalN is one such drug and has often been used to screen hepatoprotective foods, medicines or their constituents. We have demonstrated that GalN-induced liver injury was effectively suppressed by green tea (31) (32) (33) , mushrooms (34) , fruits (2) , and dietary fibers (33) in rats. It has been thought that GalN induces liver injury by inhibiting the synthesis of RNA and proteins through a decrease in hepatic UTP concentration, which finally evokes the necrosis of liver cells (35) (36) (37) , although recent reports have suggested that several cytokines, e.g., interleukin (IL)-1␣ (38), IL-6 (39) and IL-18 (40) , and NO (41) might also participate in the pathogenesis of GalN-induced liver injury. It is thought that oxidative stress is associated with liver injury caused by carbon tetrachloride or APAP, as shown by the fact that carbon tetrachloride gives rise to free radical such as carbon trichloride radical and APAP exhausts reduced glutathione in the liver (42, 43) . On the other hand, GalN/LPS is thought to induce liver injury by increasing the production of inflammatory cytokines, as represented by TNF-␣, and NO through the activation of Kupffer cells by LPS (44, 45) . The GalN/LPS-induced prominent liver injury causes excessive apoptosis of liver cells and thereby leads to widespread necrosis (46) . One of the most important findings of the present study is that nobiletin had suppressive effects on various types of liver injury.
In the present study, we measured several variables related to the pathogenesis of GalN/LPS-induced liver injury, since mediators in the pathogenesis of GalN/ LPS-induced liver injury are relatively obvious as described above. The results obtained here suggest that nobiletin elicits its suppressive effect on GalN/LPSinduced liver injury at least by suppressing the production of both TNF-␣ and NO. It was also demonstrated that nobiletin suppressed the gene expression of iNOS and comprehensive apoptosis of liver cells. On the other hand, the detailed mechanisms by which shekwasha or its active compounds elicit their suppressive effect on liver injuries induced by GalN, carbon tetrachloride and APAP are currently uncertain.
There are a number of reports concerning the liver injury-suppressive effects of several types of flavonoids other than citromitin, tangeretin and nobiletin. For instance, the suppressive effects of glycosidic flavone and flavonols from green tea on GalN-induced liver injury (33) , baicaline on APAP- (47) or GalN/LPSinduced liver injury (48) , glycosidic flavone from rice on carbon tetrachloride-induced liver injury (49), hesperidin on LPS-induced liver injury (50) , and methoxy flavone and luteoline from Cleome droserifolia on carbon tetrachloride-induced liver injury (51) have been shown. These previous studies appear to support the concept that certain types of flavonoids might exhibit hepatoprotective effects regardless of the type of liver injury. In humans, viruses, chemicals, medicines, alcohol, autoimmune diseases, etc. cause liver injury or hepatitis, and hepatitis induced by viruses is predominant in Asian countries (52) . In Japan, shekwasha juice has often been used to dilute alcoholic drinks that contain relatively high levels of alcohol. So, it is highly interesting to know whether shekwasha juice or its constituents can prevent alcohol-induced liver injury as well as virus-induced hepatitis, but this remains to be further clarified.
It should be noted that nobiletin exhibited a lethal effect on several rats when the compound was singly force-fed to rats at a level of 300 mg/kg body wt (experiment 3). However, the lethal effect of nobiletin was not detected up to the dose of 200 mg/kg (experiment 4), suggesting that nobiletin might be safe below the dose level of 200 mg/kg. It is unclear whether the lethal effect is ascribed to nobiletin itself or the combination of nobiletin and GalN. The intake of nobiletin in rats fed a diet containing 10% lyophilized shekwasha juice is estimated to be about 25 mg/kg/d, a dose level one order lower than the dose level that caused the lethal effect. In addition, dietary addition of lyophilized shekwasha juice at a level of 10% did not cause any deleterious effects on the growth or food intake of rats. These facts appear to warrant the safety of shekwasha juice itself. On the other hand, the toxicity of citromitin or tangeretin due to excessive administration seems to be smaller than that of nobiletin, since citromitin and tangeretin did not cause such a lethal effect at a dose of 300 mg/ kg. Information concerning the safety of nobiletin is limited. Delaney et al. (53) have reported that a citrus polymethoxy flavone mixture, which contained nobiletin at a level of 30.7%, caused a mild suppression of natural killer cell activity when the mixture was administered by gavage at a higher level (500 mg/kg), whereas the mixture of citrus polymethoxy flavones was not genotoxic in an in vitro system (54) . The mechanism underlying the lethal effect of nobiletin at a high level is currently uncertain. It remains to be elucidated by further studies from the viewpoint of confirmation of the safety of citrus.
